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Abstract With 40% of the European Black-tailed Godwit
population breeding in The Netherlands, this country har-
bours internationally significant numbers of this species.
However, ongoing agricultural intensification has resulted
in the fragmentation of the population and drastic population
declines since 1967. By establishing genetic diversity,
genetic differentiation and gene flow on the basis of 12
microsatellites, we investigated whether the population
genetic structure of the Dutch Black-tailed Godwit bears the
marks of these changes. Genetic diversity appeared to be
moderate, and Bayesian model-based analysis of individual
genotypes revealed no clustering in the Dutch populations.
This was supported by pairwise FST values and AMOVA,
which indicated no differentiation among the nine breeding
areas. Gene flow estimates were larger than ‘‘one migrant
per generation’’ between sample locations, and no isolation
by distance was demonstrated. Our results indicate the
maintenance of moderate levels of genetic diversity and
genetic connectivity between breeding sites throughout the
Dutch Black-tailed Godwit breeding population. We sug-
gest that the Dutch Black-tailed Godwit breeding areas
should be managed as a single panmictic unit, much as it is
presently done.
Keywords Genetic differentiation  Genetic diversity 
Gene flow  Habitat fragmentation  Microsatellites 
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Introduction
For a long time, agriculture in Europe generated high bird
species diversity. However, with the increasing intensifica-
tion over the last 50 years many bird species breeding on
farmland are now declining (Stoate et al. 2009; van
Turnhout et al. 2007). A good example of a bird species that
waxed and waned in response to agricultural land use
changes is the Black-tailed Godwit Limosa limosa limosa
(Birdlife International 2009). The Black-tailed Godwit was
previously confined to raised bogs, moorlands, lake margins
and damp grassy depressions in steppe. However, when wet
grassland created for dairy farming increased in north-
western Europe, this species became very successful in this
habitat (Beintema et al. 1995; Haverschmidt 1963). Close to
half of the European Black-tailed Godwit population breeds
in The Netherlands (Birdlife International 2004). However,
continuing declines of 5% per year since the peak numbers
of the late 1970s (Schroeder et al. 2009) have decreased
Black-tailed Godwit breeding numbers. While 120,000
pairs (Mulder 1972) were estimated to breed in 1967, only
40,000 pairs remained in 2004 (Birdlife International 2004).
The most significant threats for this species include loss
of nesting habitat owing to wetland drainage and agricul-
tural intensification. The earliest modernization of farming
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enhanced food supply and thus increased population sizes of
several wader species (Cramp and Simmons 1983). However,
further intensification practices have resulted in reduced food
availability, lower water tables, increased cattle densities, and
increased early mowing (Benton et al. 2002; Schekkerman
et al. 2008, 2009; Kleijn et al. 2010). Furthermore, predation
risk has increased as a result of early mowing practices,
mostly due to reduced coverage for nesting, and chick raising
(Schekkerman et al. 2009). These agricultural adjustments
have in turn culminated in impaired chick recruitment and
decreasing habitat quality. Subsequently, the declining hab-
itat quality has led to the fragmentation of suitable grassland
(Zwarts et al. 2009). Schekkerman et al. (2008) documented a
decline from 0.9 fledged chicks per godwit pair in 1985 to
roughly 0.23 fledged chicks per pair in 2006.
Although Black-tailed Godwit habitat is becoming ever
more fragmented and habitat quality decreasing, this species
shows high breeding site fidelity and some degree of natal
philopatry (Groen 1993; van den Brink et al. 2008). Groen
(1993) showed that 90% of the adult breeding birds returned
within 700 m of the previous nest site, whereas van den
Brink et al. (2008) found that 100% of the adult Black-tailed
Godwits returned within 3 km of the former nest site. In the
former study, natal philopatry was demonstrated to be high
as well, with 75% of the birds returning within 18 km of their
previous hatching site. With such limited dispersal in a
fragmenting landscape, breeding areas could become
isolated from each other. This might affect population
dynamics, resulting in a metapopulation structure including
source-sinks dynamics and isolation by distance (Ho¨glund
2009).
Here we describe gene flow indirectly by investigating
genetic diversity and differentiation on a national scale cov-
ering the most important breeding areas of the Dutch Black-
tailed Godwit breeding population (Fig. 1). Twelve micro-
satellite loci developed specifically for this species by Verkuil
et al. (2009) were used, and their polymorphic nature verified
to ensure that the assumptions made by several population
genetic models were obeyed. Additionally, the population
genetic structure of the Dutch Black-tailed Godwit breeding
sites was assessed through genetic diversity, genetic differ-
entiation, isolation by distance and gene flow calculations.
Moreover, if genetic structure or the lack of it was portrayed,
we tried to explain the underlying mechanism.
Materials and methods
Sample collection, DNA extraction and amplification
From 2004 to 2008, blood samples from freshly hatched
chicks and dry egg shell remains (Trimbos et al. 2009)
were collected in nine regions in The Netherlands
separated by 7–135 km (Fig. 1). When a nest was found
during incubation, the floating method of Liebezeit et al.
(2007) was used to predict hatch date. Around the time of
predicted hatch the nests were visited regularly to obtain
either eggshell remains (if chicks had left the nest) or ca.
30 ll whole blood per chick (if they were found quickly
after hatch, before leaving the nest). Egg shells were stored
individually in plastic bags to minimize post-sampling
contamination. Blood was stored in individual 1.5 ml
Eppendorf tubes containing 97% alcohol buffer. Blood
samples were stored at -70C, while egg shells were stored
dry at room temperature to get a good separation of the egg
shell membranes from the outer shell. DNA samples of 140
individual Black-tailed Godwits were collected (Table 1).
These 140 samples incorporated only one individual per nest
to avoid pseudoreplication at the family-level.
DNA was extracted from 6–10 ll of blood using the
ammonium acetate method as described by Richardson et al.
(2001). DNA was extracted from eggshell membrane using
Qiagen Dneasy Tissue Kit (Qiagen 2003), with minor mod-
ifications as described by Trimbos et al. (2009). DNA quality
and quantity were checked twice, using the NanoDrop
ND-1000 (Thermo Scientific) for 260/280 ratios and con-
centration values. For optimal PCR amplification, blood
samples were diluted to concentrations below 10 ng/ll.
Compared to blood derived DNA, DNA from eggshell
membranes was of less purity occasionally. Consequently,
eggshell derived DNA was diluted to concentrations below
50 ng/ll. We used 12 microsatellite loci (LIM3, LIM5,
LIM8, LIM10, LIM11, LIM12a, LIM24, LIM25, LIM26,
LIM30, LIM33) developed for Black-tailed Godwits (Ver-
kuil et al. 2009). The final volumes of the PCR amplification
mix were 11 ll and included 1–10 ng DNA for blood sam-
ples or 1–50 ng DNA for eggshell membrane samples,
1.65 mM MgCl2, 2.5 lM dNTPs, 0.5 lM forward primer
with M13 extension, 0.5 lM reverse primer, 1 lM fluores-
cent-labelled M13 primer, 109 PCR buffer and 0.45 U Taq
DNA Qiagen polymerase. The polymerase chain reaction
program used was as described by Verkuil et al. (2009),
except the final PCR step was extended to 20 min to minimize
peak stutter patterns. PCR products were analyzed using a
MegaBACE 1000 (Amersham Biosciences) and allele sizes
were assigned using Fragment Profiler 1.2 (Amersham Bio-
sciences 2003). Contamination of PCR pre-mix with exoge-
nous DNA was minimized by carrying out pre- and post-PCR
pipetting in different rooms. Additionally, to control for
potential contamination problems, negative controls were
included in every PCR reaction and MegaBACE runs.
Genetic marker validation
Microsatellite markers are expected to be independently
distributed in the genome, as such linkage between loci
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would result in pseudo-replication (Selkoe and Toonen
2006). A Fisher’s exact test for linkage disequilibrium was
carried out using the samples from the nine breeding areas,
with 1,000 dememorization steps, 100 batches and 1,000
iterations per batch (GENEPOP; Raymond and Rousset
1995, web version 4.0). Deviations from Hardy–Weinberg,
heterozygote excess and deficit were tested per locus
and sample location separately using 1,000 dememoriza-
tion steps, 100 batches and 1,000 iterations per batch
(GENEPOP; Raymond and Rousset 1995). For multiple
testing, Bonferroni corrections were applied (Rice 1989).
Micro-Checker was used to test for scoring and amplifi-
cation errors (stutter and null alleles) with a 95% confi-
dence interval over 10,000 runs (van Oosterhout et al.
2004). To evaluate genotyping error, scoring was per-
formed three times and the frequency of disagreement
between different times of scoring was noted and averaged.
Genetic diversity, FIS and population structure analyses
Observed (Ho), expected heterozygosity (He), inbreeding
values (FIS) per location and pairwise FST between
Fig. 1 Sample locations; Zuid-






Uitdam (UIT) and Overijssel
(OVE)
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locations were calculated using Arlequin 3.11 (Excoffier
et al. 2005). Furthermore, an analyses of molecular vari-
ance (AMOVA) was performed, through which variance
among sample locations (Va), among individuals within
sample locations (Vb), and within all individuals could be
computed (Vc), using Arlequin with 20,000 permutations.
If significant values were obtained, Bonferroni corrections
were applied. The number of private alleles was deter-
mined using Convert 1.31 (Glaubitz 2004). FSTAT 2.9.3.2
(Goudet 1995) was used to calculate allelic range, number
of alleles per sample location and allelic richness per
sample location. This program uses the rarefaction index
described by Hurlbert (1971) to correct for sample size.
Additionally, the levels of allelic richness and FIS among
sample locations were compared using FSTAT with 10,000
permutations to obtain P-values.
The model based Bayesian cluster algorithm imple-
mented in STRUCTURE 2.3.1 (Pritchard et al. 2000) was
used to cluster from a pool of genotypes from all sampling
locations. As recommended by Evanno et al. (2005) we
determined the deltaK (Structure Harvester), the second
order rate of change in log likelihood Ln P(X|K). Although
this method was demonstrated to be more reliable in esti-
mating the inferred amount of clusters in natural popula-
tions, K = 1 (a reasonable possibility here) can not be
measured. Consequently, the most likely number of genetic
clusters (K) in our sample set was also investigated by
determining the maximum average log likelihood Ln
P(X|K). Values computed with both methods were plotted
using Structure Harvester 0.56.3 (Dent 2009, web version).
The Structure model was run using admixture and corre-
lated allele frequencies. Additionally, the LOCPRIOR
model, incorporated into STRUCTURE 2.3.1, was used.
This model assumes that individuals sampled close
together are often from the same population and can assist
in the clustering when population structure is weak. The
program was run 5 times with a burn-in of 200,000 itera-
tions and a length of 1,000,000 MCMC iterations for K
(1–11). Convergence was checked by looking whether the
graphs provided by the program reached equilibrium
before the end of the burn-in phase.
The genetic structure profile within this dataset could
display a historic situation of Black-tailed Godwit popu-
lation dynamics. The Dutch Black-tailed Godwit breeding
population is believed to have expanded from 1900 until
the 1960s. The k test as implemented in the program
Kgtests (Bilgin 2007) detects population expansion on the
basis of allele size distributions. The method uses a one
tailed binomial distribution to test for the number of loci
with negative k values and if this represents a significant
number of negative k values. Additionally, this software
included the g test, which tests the notion that stable
populations are reflected by large variances of allele sizes
among loci, while in an expanding population this variance
is smaller. Although Luikart et al. (1998) demonstrated that
the g test was the more powerful of the two, both tests were
performed here.
Gene flow patterns between sample locations
The number of migrants between the different sample
locations was estimated using Slatkin’s (1985) private
allele method, implemented in Genepop 4.0 (Raymond and
Rousset 1995). This calculation assumes an approximately
equilibrium distribution of allele frequencies among the
demes comprising a population (Barton and Slatkin 1986).
Most coalescent computer programs, developed to calcu-
late gene flow between populations and effective popula-
tion size, assume stable (sub) populations over time
(Kuhner 2009). As the Dutch Black-tailed Godwit popu-
lation is believed to have been rather variable in size over
the last 100 years (Beintema et al. 1995; Schekkerman
et al. 2008; Schroeder et al. 2009), we refrained from using
these programs. Nevertheless, programs such as IMa2 (Hey
and Nielsen 2007) allow testing of migration rates between
different locations in populations with a probably unstable
subpopulation structure over time. However, this program
uses a tree string as a backbone to make coalescent infer-
ences; the uncertainties in our dataset did not enable us to
construct such a tree and therefore this program was not
used. To explore dispersal limitation issues due to the
confounding effect of geographic distance, a Mantel test
(normally transformed and log transformed) with 9999
permutations was preformed using GENALEX 6.2 (Peakal
and Smouse 2006) which calculates the correlation
between a genetic and a geographic distance matrix
(Smouse and Long 1992; Smouse et al. 1986).
Table 1 Number of samples (N), mean number of alleles (Na),
absolute number of alleles (A), allelic richness (AR), observed het-
erozygosity (Ho), expected heterozygosity (He), inbreeding coefficient
(FIS) and number of private alleles (Pa), per sample location (Fig. 1)
using 12 microsatellites
Sample location N Na A AR Ho He FIS Pa
ZWF 38 8 96 5.134 0.686 0.682 -0.024 5
EAV 24 7.5 90 4.987 0.628 0.674 0.053 4
ZOE 11 6 72 5.133 0.697 0.689 -0.012 1
IDZ 18 7.1 85 5.259 0.685 0.689 0.005 1
MID 11 5.8 70 5.094 0.694 0.695 -0.018 1
NOR 7 5.3 64 5.333 0.715 0.722 0.011 1
VIJF 10 6.2 74 5.351 0.683 0.679 -0.006 1
UIT 11 5.8 69 4.944 0.616 0.647 0.002 0
OVE 10 5.4 65 4.794 0.643 0.689 0.050 0
Average 15.0 6.3 76.0 5.115 0.671 0.685 0.007 1.6




A total of 140 birds from 9 breeding locations were gen-
otyped. All 12 loci amplified no more that two alleles per
individual and were polymorphic with 4–15 alleles per
locus. In total we detected 126 alleles. Some loci in some
locations exhibited significant deviations from Hardy–
Weinberg. However, none of these values remained sig-
nificantly different from zero after sequential Bonferroni
correction. After Bonferroni corrections, no linkage-dis-
equilibrium was found between any of the loci in any of the
locations. The mean genotyping error, the averaged dif-
ference between the 1st and 2nd and 1st and 3rd time of
scoring, was 1.5%. Micro-Checker showed no null alleles
at any of the sample locations or loci.
Genetic diversity, FIS and population structure analysis
The mean number of alleles, absolute number of alleles,
allelic richness, Ho, He, FIS, and private alleles, per sample
location are assembled in Table 1. There was no relation-
ship between genetic diversity values (Table 1) and sample
location. FIS was not significantly different from zero
in any location. Differences in allelic richness (N = 9,
P = 0.079) and FIS (N = 9, P = 0.866) among sample
locations were not significant either.
Nearly all pairwise FST values between locations were not
significantly different from zero, except for those between
ZWF and VIJF (Table 2). However, after Bonferroni cor-
rection, this difference was not upheld at the 5%-significance
level. AMOVA calculations showed no significance for
any of the calculated variances (0% Va = -0.0011, P =
1.000 ± 0.000, 0.3% Vb = 0.004, P = 0.37793 ± 0.00353
and 99.7% Vc = 0.004, P = 0.37903 ± 0.00358).
Structure analyses indicated that the most likely value
for the amount of genetic clusters (K) was K = 1. Using
the method as described by Evanno et al. (2005) and
plotting delta K did not result in a ‘plateau’ and as such it
was not clear what value for K was the most likely.
Maximum average log likelihood Ln P(X|K) values plotted
against number of inferred clusters (K) demonstrated that
K = 1 best fit the data (Fig. 2), as the highest log likeli-
hood was obtained with K = 1.
Kgtests indicated no population expansion in the
dataset. The k test revealed that 9 out of 12 loci had a
negative kurtosis, a bias that was close to significance
(P = 0.06). The g test estimated that the variance of the
allele sizes was 8.01. According to the fifth-percentile
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Gene flow patterns between sample locations
Mantel tests detected no significant correlation between
genetic distance and two measures of geographic distance
(P = 0.157 normally transformed and log transformed
P = 0.448). The estimated number of migrants (Nm) per
generation (Table 3) showed a range from 4.96 (between
ZWF and EAV) to 1.50 (between NOR and OVE). The
average number of migrants per generation among the
Dutch breeding locations, and corrected for sample size,
was 2.79.
Discussion
The multi-locus microsatellite data presented here suggest
the most likely explanation for the lack of genetic structure
is that Black-tailed Godwit breeding areas in The Nether-
lands comprise a single panmictic unit. Gene flow
estimates demonstrated an overall migration rate of three
individuals per generation among Dutch breeding loca-
tions. Genetic connectivity between areas is maintained by
dispersal of successfully reproducing animals among
breeding areas, i.e., gene flow. Slatkin (1985, 1987) con-
cluded that only one migrant per generation is needed to
counter any disruptive effects of genetic drift. Mills and
Allendorf (1996) suggest that this number should actually
be larger than one in many natural populations and that the
one migrant per generation rule should be considered as a
minimum. Hence, according to both Mills and Allendorf
(1996) and Slatkin (1985) the gene flow rate found in our
study should be enough to minimize genetic differentiation.
Subsequently, results of the Mantel test demonstrated no
isolation by distance that would indicate restrictions on
gene flow. This shows that dispersal movements have taken
place well beyond the 18 km range, as far as 134 km,
which demonstrates the high breeding mobility capabilities
of this species. Groen (1993) and van den Brink et al.
(2008) have most likely underestimated the dispersal dis-
tance of the Black-tailed Godwit. This is supported by
unpublished observations of Kentie et al. which indicate
that adult birds seek out new breeding sites up to 10 km
from the previous breeding site.
Bayesian analysis in STRUCTURE showed that all
individual Black-tailed Godwits could most likely be
assigned to one genetic cluster. This was supported by
pairwise FST calculations which demonstrated little (rang-
ing from -0.0168 to 0.01337) or no significant differen-
tiation between locations. Additionally, none of the FIS
values was significantly different from zero for any of the
locations, indicating an absence of inbreeding. Subse-
quently, AMOVA showed that more than 99% of the
molecular variation was found across all individuals, while
an insignificant proportion (0.3%) was attributable to var-
iation between individuals from different locations. Inter-
estingly, Ho¨glund et al. (2009), using mitochondrial DNA
from four Dutch Black-tailed Godwit breeding sites, did
not detect any genetic structure either. This suggests that
all subpopulations are affected by long term panmixis or
that gene flow between different breeding areas ceased too
recently for both marker types to detect geographical
differences (Zink and Barrowclough 2008).
The level of genetic diversity in the Black-tailed Godwit
in our study is higher (average of 6.3 alleles per locus)
compared to that reported by Ho¨glund et al. (2009) who
found rather low genetic diversity (1 haplotype) within
Dutch Black-tailed Godwits using mitochondrial DNA.
However, the marker they used (the second domain of the
control region, a part that is highly conserved) might be
less suitable for detection of genetic variation. The Dutch
samples in their study came from the western part of The
Netherlands only, whereas 50% of the population resides in
Fig. 2 Mean log likelihood Ln P(X|K) as a function of the number of
genetic clusters (K) averaged over 5 consecutive STRUCTURE runs
for each K (error bars indicate one standard deviation)
Table 3 Number of migrants per generation between two sample
locations




IDZ 4.74 3.18 2.63
MID 3.17 3.65 2.28 2.56
NOR 2.35 2.36 1.98 2.12 1.76
VIJF 3.22 2.48 1.92 4.10 2.10 1.79
UIT 3.99 4.12 2.68 3.65 2.50 1.82 2.70
OVE 2.66 2.49 2.35 2.49 2.09 1.50 2.88 1.92
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the northern part of the country, possibly holding a sig-
nificant amount of the total population genetic variation.
All together it appears that the Dutch Black-tailed Godwit
population is not confronted with immediate genetic threats
and we argue that according to these data Dutch Black-
tailed Godwit populations should be managed as one
panmictic unit, much as it is presently done.
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